A high-resolution ocean model and hydrographic observations are used to characterize the shelf circulation of the northern Argentinean shelf during the study period (1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008) and ultimately to explore possible linkages among atmospheric, oceanic, and biological climatic variability. Abundance of larvae and eggs of the local anchovy species, Engraulis anchoita, exhibit a spatial and temporal variability similar to those stocks found in other parts of the world and that we interpret in the context of the particularities of the local circulation and hydrography. Two (statistically) coupled modes of wind stress-surface velocity are described and interpreted in terms of historical and new information. A complex picture emerges in which the intensity of both a thermal shelf front, the alongshore flow, and larvae abundance would be connected and forced by local wind stresses. For all areas examined on the shelf, the larvae/egg abundance would not be very sensitive to short-lived climatic fluctuations (e.g., year-to-year) but they would be indeed to regime shifts. The shallow shelf area bounded by the 39°S and 41°S parallels would expose a clearer linkage between physical and biological variables than that north of 39°S. We attribute this fact to the particular physical conditions found in the southernmost area, which would favor an increased habitat quality for Engraulis anchoita.
INTRODUCTION
The Argentine continental shelf is one of the most biologically productive areas of the World Ocean, with a high ecological and economic importance (Costanza et al., 1997; Acha et al., 2004; Martos, 2007) . This area is a spawning and feeding ground of commercially important fish (Acha et al., 2004) , with the most abundant species being Engraulis anchoita (Engraulidae), which plays a key role in the pelagic ecosystem. At present it might be an underexploited species and it constitutes an extremely important food base for other species such as hake and chub mackerel, as well as for marine mammals and seabirds (Angelescu 1982; Pajaro, 1998; Viñas et al., 2002; Marrari et al, 2004) .
The area between 34°S and 41°S, in the northern Argentine continental shelf, is of particular interest because in the austral spring, a massive spawning of one population takes place in the coastal areas, particularly in waters shallower than about 50 m (Sanchez and Ciechomski 1995; Pajaro, 1998) . Changes in coastline bearing, large inputs of continental run-off, and locally generated cells of high salinity make this region a highly complex oceanographic and ecological system (Lucas et al., 2005) . Most of the variability in pelagic fish natural mortality is thought to occur during the early life stages of development, and to be related to environmental factors (Blaxter and Hunter, 1982) .
The oceanographic regimes in this area are derived from advected shelf waters of subantarctic origin from the south, river runoff (Lucas et al., 2005; Martos et al., 2005) and the influence of two distinctive western boundary currents: the warm and salty southward flowing Brasil Current and the cold and relatively fresh northward flowing Malvinas Current (Piola and Matano, 2001) . The collision of these two currents, known as the Brasil/Malvinas confluence, occurs offshore from the mouth of the Plata River where these currents create a region of intense mesoscale variability (Matano et al., 2010) . The estuary of the Plata River is a key player in the near coastal oceanography of the study area. This river drains the second largest watershed in South America and discharges an average of 22,000 m 3 s −1 (Urien, 1972; Framiñan and Brown, 1996) . Its discharge has a weak seasonal signal with a maximum in the winter and a minimum in the summer. The Plata River waters form a low-salinity tongue that affects the circulation, stratification and the distribution of nutrients and biological species over a wide extent of the adjacent continental shelf. These estuarine waters show a seasonal distribution pattern over the adjacent shelf that is influenced by the prevailing winds of the region. During the springsummer period, the low-salinity signal is forced poleward along the coast. On the contrary, during autumn and winter, these waters extend northeast along the Uruguayan coast Lucas et al., 2005; Möller et al., 2008) .
At the southern end of the area between 39°S and 41°S, the coastal region known as "El Rincón", is characterized by vertical homogeneity due to tidal and wind mixing. An estuarine system is established in this area by the freshwater contributions of the Negro River, discharging about 1000 m 3 s _1 (and located just south from the southern boundary, i.e., Figure 1 ) and the Colorado River discharging about 100 m 3 s −1 (Guerrero and Piola, 1997; Guerrero, 1998) . The discharge from the Negro River accounts for almost 90% of the fresh water input to the region and exhibits a large interannual variation. A meridionally oriented coastal estuarine front separates diluted waters, with salinities of 30.0-33.3 psu from an area with an absolute salinity maximum (33.7-34.1 psu) (Guerrero, 1998; Lucas et al., 2005; Martos et al., 2005) . This salinity maximum originates in the San Matías Gulf (i.e., southward from our southern boundary), due to the dominance of evaporation over precipitation in the freshwater balance of this Gulf (Lucas et al., 2005) . They also describe a second, though weaker, front to the east of the absolute salinity maximum which results from the encounter of local waters with relatively cooler and intermediate salinity shelf waters advected from the south.
The shelf area between the Plata and the El Rincon estuarine systems is occupied by mid-continental shelf waters, defined as modified subantartic waters, with salinities in the 33.4-33.7 psu range (Lucas et al., 2005; Martos et al, 2005) . At its northernmost limit, the surface layer mixes with waters of the Plata River estuary, while sub-surface layers extend until they intersect subtropical shelf water, thus defining a sub-surface front. This convergence generally occurs near 33°S, and shelf waters of subtropical origin rarely or never penetrate further south (Piola et al., 2000) . These shelf waters are bounded to the west by
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Uruguay Uruguay A r g e n ti n a A r g e n ti n a Punta del Este Punta del Este North P la t a R iv e r P la t a R iv e r Buenos Aires Buenos Aires + + − Co lora do Riv er F Fi ig gu ur re e 1 1. . (a) Study area showing isobaths on the shelf, the three major areas in which we divided the shelf for the analysis that is described in the results section, the Plata River mouth where the river discharge is applied (yellow line) and two areas where additional analysis were performed: one marked by two blue crosses and the other marked by a short red line. (b) Locations where CTD measurements and biological samples were taken (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) in this respect by examining the results of a high-resolution ocean model along with hydrographic and biological observations. To reach this goal, our objectives are first to validate our numerical results in the context of the knowledge available in the published literature and provide additional details about the shelf circulation when possible. Our second objective is to examine possible linkages between biology and physics. Our particular focus is on the interannual variability of the region because anchovies are known to be significantly versatile with respect to environmental changes in several fishing grounds around the world (Bakun and Parrish, 1991) . In a follow-up article we will examine the model results at higher harmonics (annual and super-annual frequencies) to establish possible temporal and spatial connections between oceanic variables/conditions and primary productivity. This is the first long term (27-year long), high resolution hindcast including tidal forcing, runoff from two rivers (one of them with monthly time dependence), heat fluxes, and wind stresses which include climatic effects such as CO 2 variations, volcanically-induced aerosols and solar variability. In the next two sections, we describe both the observational physical and biological data and the model results. In the results section, we describe the model results in concert with a combination of insitu and remote observations. At the end of this section, we attempt to relate physical and biological variability. Summary and discussions are left for the concluding section of the paper.
OBSERVATIONAL DATA
The oceanographic and biological data were obtained during eleven surveys between 1993 and 2008 with the goal of evaluating the anchovy (Engraulis anchoita) biomass between 34°S and 41°S ( Figure 1b) . These surveys were all carried out during the austral spring (October/November), i.e., when anchovies have their peak in spawning activity (Hansen et al., 1984, Sánchez and Ciechomski, 1995; Pájaro, 1998 , Pajaro et al., 2008 . These research cruises were conducted by the Instituto Nacional de Investigación y Desarrollo Pesquero (INIDEP), Pelagic Fisheries Program, on board RV 'Oca Balda' and RV 'Dr Holmberg'.
Oceanographic CTD (Conductivity, Temperature and Depth) and ichthyoplankton stations were regularly sampled along the acoustic transects (i.e., transects where acoustics methods are used to infer biological density). The distance between stations and between transect lines was 27.8 km and 37 km respectively and on average Madirolas, 1996, 1999) . Between 64 and 105 oceanographic stations were sampled during each cruise on the acoustic tracks. Continuous profiles of both temperature and conductivity were obtained by either a compact CTD 'Meerestechnik Elektronik' (up to the 1993 survey) or a 'Sea Bird 19' (cruises since 1994). The CTD data were then processed using standard Seasoft routines (Sea-Bird Electronics, 1997; Martos et al., 2005; Pajaro et al., 2008) and stored in "Base Regional de Datos Oceanograficos (BaRDO) -INIDEP". Monthly average discharge volume data of the Plata River for the period 1982-2008 were provided by the Instituto Nacional del Agua (INA). The Colorado River (at 39°50′S) contributes an average annual discharge of 99 m 3 s −1 (Lucas et al., 2005) .
Anchovy eggs and larvae were collected using vertical hauls of a CalVET/PairoVET net with a 0.225 m diameter and 220 µm mesh size. Vertical tows were started from a point below the maximum depth of the eggs (typically 70 m) and ending at the surface (Pájaro et al., 2008) . Depending on the volume of water filtered by the net and the depth estimate at each station, densities of anchovy eggs and larvae were estimated and expressed in number of individuals 10 m −2 (Pajaro et al., 2008) . For the analysis that follows, the study area was divided into 3 sub-areas, North, Central and South (Figure 1) , according to the different biological features highlighted by Pajaro et al., (2008) . Biological data were provided by the Programme of Pelagic Fisheries, INIDEP.
THE MODEL
The Regional Ocean Model System (ROMS) is an s-coordinate, terrain following, primitive equation model. It is an optimized version of the SCRUM model (Song and Haidvogel, 1994) , modified to run in multiprocessor servers. Our grid was built with a horizontal resolution of 5 km, and 22 s-levels in
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Climate Variability of the Northern Argentinean Shelf Circulation: Impact on Engraulis Anchoita the vertical direction with increased resolution near the surface and bottom. This is achieved by defining a user-set slow varying curve to specify the model's vertical resolution. The atmospheric forcing is obtained from the recently released 20 th Century Reanalysis version 2 (Compo et al., 2011) for the wind stress and from the NCEP reanalysis (Kalnay et al., 1996) for heat fluxes. The 20 th Century Reanalysis winds were generated using radiative effects of historical time-varying CO 2 concentrations, volcanic aerosol and solar variations using the longwave radiation model of Mlawer et al. (1997) and shortwave radiation model of Hou et al. (2002) . Atmospheric pressure observations were globally assimilated to obtain this product (Compo et al., 2011) . The freshwater forcing (precipitation minus evaporation) and shortwave radiation forcing are set to climatological values, given their uncertainties in this region. The oceanic boundary forcing was obtained from the Simple Ocean Data Assimilation (SODA) Reanalysis version 2 (Carton and Giese, 2008) Killworth (1996) to the 29-year long time series (wind stress, heat fluxes, all oceanic variables and runoff for the Plata River). Test runs without this filtering gave less realistic results, both quantitatively and qualitatively. Using bathymetric data from Smith and Sandwell (1997) , the hindcast run was started from Levitus climatologies and rest in January of 1980 and until December of 2008. In this article we focus on the 1992-2008 period in order to compare the model results with the hydrographic and biological observations obtained by the INIDEP, which started in 1993, and also to allow the deeper areas of the model domain to reach statistical equilibrium. However, for studies involving above-thermocline waters, the 1982-2008 (27 years) model solutions can be regarded as very stable. The top eight tidal constituents (M2, K1, S2, K2, Q1, O1, N2, P1) were obtained from the global barotropic inverse tide model (TPX0.7) described in Egbert and Erofeeva (2002) . Flather open boundary conditions were used for the barotropic flow (Flather, 1976) , while zero gradient conditions were used for sea level. Clamped conditions were implemented for the hydrographic and three-dimensional flow variables. Laplacian viscosity and diffusivity coefficients (400 m 2 s _ 1 and 200 m 2 s _ 1 , respectively) were used only in the model's sponge layers which are 100 km thick and only cover the areas where the vigorous waters that emanate from the confluence of the Brasil and Malvinas currents (Olson et al., 1988) leave the model domain, specifically eastward of 56°W on the southern boundary and southward of 36°S on the eastern boundary. Those values only take place in the outermost grid points of the sponge layers, exponentially decaying to zero towards the interior. For consistency with the temperature and salinity data that force the model at its open boundaries, sea surface temperature and sea surface salinity (SST and SSS) from the SODA data are also used to mildly (60 days) relax those variables in the model. The model is also forced by freshwater discharge from two rivers: the Plata River from which the average discharge is about 22,000 m 3 s −1 and which can reach up to 75,000 m 3 s −1 during El Niño years, and the Colorado River from which the discharge was set to a constant value of 100 m 3 s −1 . The location of the Plata River mouth, i.e., where the runoff forcing is applied, is indicated in Figure 1 with a yellow line. The temperature of both rivers is allowed to match that of the ocean while salinities are set to constant values of 9 psu for the Plata River and 5 psu for the Colorado River to avoid introducing zero salinities which could lead to numerical singularities.
RESULTS

Shelf Circulation
Right outside the shelf, the model reproduces the main known aspects of the Malvinas-Brasil confluence (Figure 2ab ), i.e., the area where the largest collision in the World Oceans, in terms of transports of two encountering currents, takes place. The spring (autumn) season (not shown) resembles the summer (winter) season (Figure 2ab ) with similar although less energetic currents. This is a direct result of the weaker winds in spring and autumn in the 20 th Century Reanalysis dataset. Figure 2ab shows some of these aspects including the retroflection (Olson et al., 1988; Matano et al., 1993; Garzoli and Giulivi, 1994 ) towards the south, and then towards the east of some of these mixed waters. The model produces average (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) transports of 11 Sv and 40 Sv for the Malvinas and Brasil currents, respectively, which are within the range of previously estimated values noted in the Introduction section. These model transports were taken at 35°with respect to the north-south direction, offshore of the 100 m isobath, top-to-bottom integrated, and at 35°S for the Brasil current and at 40.5°S for the Malvinas current. Instantaneous maps display (e.g., Figure 3 ) a rich submesoscale activity in the confluence area, and apparent frontal waves with a typical separation of about 40-60 km, similar in size, number and shape (mushroom-like) to those obtained from numerical simulations by Capet et al., (2008) . According to them, these waves are generated by mixed layer instabilities (Boccaletti et al., 2007) , especially during the winter and fall seasons. The even finer scales described by Capet et al., (2008) are not reproduced in the present simulation due to the higher O(1km) resolution used by them in contrast to the 5 km grid spacing of the present run. The presence of these structures is relevant to obtaining a realistic mixing scenario and also for understanding spatial patterns of different biological variables, e.g., patchiness in chlorophyll, zooplankton and larvae of different species. The model also correctly displays the known (Matano et al., 1993; Garzoli and Giulivi, 1994) more northward reach of the Malvinas current during winter than in summer ( Figure 2ab ). On the shelf itself, the model displays ( Figure 2ab ) the known sense of discharge of the Plata River waters, typically to the northeast in winter and to the south-southeast in summer Simionato et al., 2001 Simionato et al., , 2004 Lucas et al., 2005) and in response to the seasonal wind patterns shown in Figure 2cd . Upwelling events are known (Pimenta et al., 2008; Simionato et al., 2010) to take place during late spring to summer off the southern coast of Uruguay and also within the coastal area between 38°S−39°S. The model does reproduce these upwelling events at times when the wind stress vectors are parallel to the coastline (not shown) and for both locations. Figure 2a (summer) does show a slightly lower temperature off southern Uruguay for the 16-year average. Off 38°S−39°S upwelling events are less frequent but seasonally reproduced (not shown) in the model. It is worth noting that these events only last a few days and a simulation like this one, i.e., using averaged monthly winds, will tend to smooth out any upwelling signals in temperature and salinity. The climatological flows displayed in Figure 2ab have a significant contribution coming from the direct (Ekman) atmospheric forcing, while subsurface flows immediately below the surface were examined and showed a dominant alongshore polarization. The relative importance of Ekman currents and the role of local wind forcing in this area will be addressed in more detail at the end of this section.
As noted in the Introduction, several fronts characterize this region. (Figure 1 ) there is a frontal structure extending along the shelf, which has a bottom signature (Lucas et al., 2005; Martos et al., 2005) in slightly deeper waters. The fact that this front is shown at a distance of 12 m above the bottom, is a tougher test for the model than reproducing any surface or near-surface characteristics. As we will see later in this article, the subsurface expression of this front will have a key role in regulating the alongshore currents near the coastline. This shelf front has a particular summer circulation associated with it ( Figure 2a) , which in the model is clearly seen from January to March. In Figure 2a , due to the 16-year averaging, it shows as a broader flow than in any of the snapshots that we examined where the flow is narrower than in Figure 2a . On the western side of the front, i.e., between the front and the coastline, the mean flow is poleward during summer. This seasonality in the near-coastal currents has been reported in early studies in the area (Boltovskoy, 1970 (Boltovskoy, , 1981 Martos and Piccolo, 1988; Severov, 1990) and also more recently (Guerrero and Piola, 1997; Piola and Rivas, 1997; Piola et al., 2000; Lucas et al 2005) . Our description is in line with Lucas et al. (2005) who demonstrate that wind fields in the spring and summer months tend to drive a poleward coastal drift. At about 39°S−59°W (and this location slightly varies from year to year), these currents veer offshore and quickly to the northeast flowing parallel to the front line. These waters tend to flow parallel to the front and as they reach its southernmost location or areas where the front significantly weakens. At this point the simulated currents starts to flow offshore where they enter the area of the Brasil/Malvinas confluence. This description however, is highly variable from year to year and does not have a unique spatial pattern. The model also reproduces ( Figure 4b ) the well-known (e.g., Saraceno et al., 2005; Romero et al., 2006) intense thermal front that runs along the continental slope, although the CTD observations ( Figure  1 ) do not cover this area. It is also over the slope where the present solutions exhibit the upwelling/downwelling cells (not shown) described in detail by Palma et al., (2008) and Matano and Palma (2008) . These cells are not continuous along the slope, i.e., upwelling cells alternate their presence and absence at different locations along the slope, due to the non-uniform variability of the Malvinas current in the model which is in line with the findings of Barre et al., (2006) and Rivas and Pisoni (2010) who analyze altimetry data. Figure 4a also shows a thermal front across from the Plata River mouth that is reproduced by the model (Figure 4b ). The strength of the northern part of this front is enhanced during the summertime due to upwelling events taking place off southern Uruguay (not shown).
The area of El Rincon, denoted as "South" in Figure 1 is physically and biologically unique (Pajaro et al., 2008; Lucas et al., 2005) because its dynamics often creates a potential retention area that is known (Bakun and Parrish, 1991) to be preferred by Engraulis anchoita for spawning. Unlike the climatologically-forced runs (using winds averaged over 3 years) of Palma et al. (2008) , which display an average top-to-bottom integrated anticlockwise gyre in the South area of our domain, our simulation does not produce this recirculation on the 16-year long mean but only at times, and in agreement with them is typically present/stronger during the winter season. We speculate that this seasonal preference might be related to the Malvinas current increased transport during winter, which is in line with Palma et al., (2008) in that the variability outside the shelf, e.g., a stronger flow of the Malvinas current, affects the circulation over the shelf. Thus, the southern area recirculation would be a response to local winds and boundary flows in the context of the local bathymetry and coastline. It is likely that in an ocean hindcast simulation, where remotely, highly energetic time-dependent boundary currents, atmospheric forcing (winds, heat fluxes, freshwater fluxes) and tides coexist, that these transients play a significant role in defining the time behavior of the local currents. These transients, an oceanic adjustment process, are generated during the spin up stage when significant changes in the time behavior of the forcing functions take place (in both the model and in the real ocean). This would certainly result in highly variable currents such as those arising from our simulation. Eliminating these transients, especially in a non-linear ocean, could impact the generation of its own mean state (circulation, hydrography, etc.) and thus lead to unrealistic climatologies. Below we construct an index for this recirculation and it is shown that, although weak, on average it can reach important values for some seasons/years.
Another feature observed in the model is the top-to-bottom salinity front in the South area that runs along 61°W (Figure 4cd ), which has been described by Lucas et al. (2005) from hydrographic observations. The quiescent area mentioned above is located where both model and observations show very small bottom temperature gradients in Figure 4ab (the upper left corner of area South). Model and CTD observations show a time-averaged SSS zonal gradient of +1.05 psu and +0.93 psu respectively, taken between the two blue crosses shown in the South area (Figure 1 ). The two bottom panels of Figure 4 display the zonal-vertical October climatological profile of salinity at 40°S. The model's salinity resembles the observations only from the coast to the salinity front (eastward), but then fails to increase as fast as in the observations. This is not a model performance problem but simply that the southern boundary condition from the SODA global model does not contain a salinity maximum known (Guerrero and Piola, 1997; Lucas et al., 2005) to be created in the San Matias Gulf (outside of our domain) and advected towards the north first, and then veering northwestward once it approximately crosses the 40°S parallel. Bakun and Parrish (1991) studied the adaptability of Engraulis anchoita pointing out the difficulty in linking their density, measured in terms of larvae and/or eggs abundance, to environmental variables such as temperature and salinity. However, species like anchovy or sardine, usually respond to long
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term rather than short-term climatic changes in oceanic conditions (e.g., McClatchie et al., 2010) . We have thus computed SST anomalies in an attempt to identify distinctive climatological regimes or epochs, i.e., averages of at least 3 years, in the model data, and compare them to the optimally interpolated observations of the National Oceanic and Atmospheric Administration (NOAA) data set (Reynolds et al., 2002) which combines both in situ and remote SST observations on a one degree uniform grid ( Figure 5 ). These time series are averaged in each of the three areas shown in Figure 1 inclined to describe the first transition, i.e., 1997, as a shift rather than as a trend (e.g., as in Lumpkin and Garzoli, 2011) , given both, its step-like character and also because of its lack of long term persistence, i.e., a few years later, around 2001, the system displays yet another shift in its mean conditions but with the opposite sign (in both, model and observations). The amplitudes of the 1997 (2002) shift for the North area are +0.7°C and +0.5°C (−0.1°C and −0.2°C) for the observations and model, respectively. This comparison is not only useful to partly validate the model and characterize a physical aspect of the region under study, but it will also become relevant later, when we analyze the alongshore component of the surface velocity. It should be noted though, that slightly shifting the mean values of Figure 5 (horizontal lines) in time, will slightly change those values but not the sign. We now attempt to relate these shifts to a known climate index in this area, i.e., the Southern Annular Mode or SAM (Marshall, 2003) , which is a measure of the meridional atmospheric pressure gradient between the Southern Ocean and mid latitudes. The correlation is in line with the observational findings of Lovenduski and Gruber (2005) in that north of 40°S the SAM-SST correlation should be positive. This similarity is also in line with the findings of Barrucand et al. (2008) and Rivas (2010) , and was expected given that the 20 th Century Reanalysis winds are largely dominated by large-scale signals which in turn are prevalent in the assimilated pressure data. We have selected particularly warm (cold) years in order to compare the spatial distribution of SST anomalies (a more rigorous test for the model) in order to better define the model's and forcing functions' skills. Figure 6 shows a comparison of the mean October SSTs for 1993-2008 and the corresponding anomalous fields for three selected SST differences, i.e., 2004-1999, 2003-1995, and 2004-2003 over the shelf area. Model values outside the shelf are masked for the sake of comparison with the CTD observations that as noted above, are only available over the continental shelf. There is a good agreement in the sign of the SST difference in most areas but not in the details, e.g., the largest negative anomalies in panels c) and d) are located in different areas. A more formal analysis of these SST anomalies is necessary in order to attempt to isolate its modes (if any) and identify forcing mechanisms that can help us advance our understanding of the region, at least in terms of local forcing agents. To achieve this partial objective, we performed empirical orthogonal function (EOF) decompositions for the model monthly mean SST and wind stress fields. The first mode of the wind stress (explains 58% of the total variance, Figure 7a ) is correlated to the first SST mode (explains 65% of the total variance) at zero-lag with a coefficient of 0.69 (which belongs to the 0.63-0.74 interval with a 95% confidence). Figure 8ab shows the spatial patterns of the first EOF modes of the wind stress and SST fields, respectively. The maximum SST variability takes place offshore of the Plata River mouth and approximately on the 80 m isobath while running in the alongshelf direction. From the mouth of the Plata River and via Ekman transport, the wind stress pattern of Figure 8a , brings warmer SSTs in the SE direction while encountering cold SSTs arriving from the south. This wind stress pattern will tend to generate intense mixing on the outer continental shelf. The location of the first mode maximum SST variability approximately coincides with the location of maximum SST gradients (small displacements of these large spatial gradients would yield a large temporal variance) reported by Barre et al. (2006) from satellite-derived SSTs. On the other hand, Piola et al. (2010) find that the area of maximum modal SST variability is located somewhat to the south of our maximum although their observational analysis uses data from the 1985-1999 timeframe, as opposed to our 1993-2008 analysis, and also considers a larger spatial domain.
Similarly to the SST-wind stress pair, we have also attempted to compare different modes of the wind stress field to those obtained from an independent calculation of the surface velocity field. We were not able to find a significant correspondence despite the fact that this area's variability is known for being dominated by local wind forcing (e.g., Simionato et al., 2004; Lucas et al., 2005; Möller et al., 2008) . Under the suspicion that this was an artifact of the EOF methodology, since small differences in the structure of the spatial eigenvectors often lead to larger differences in the modal time series, especially in cases like ours where a very large number of spatial stations is used, we computed a singular value decomposition (SVD) in the time domain (Wallace et al., 1992) for the wind stresssurface velocity pair. This approach allows for the extraction of the most coherent spatial structures as 41°S  52°W  54°W  56°W  58°W  60°W  62°W  52°W  54°W  56°W  58°W  60°W  62°W   52°W  54°W  56°W  58°W  60°W  62°W   52°W  54°W  56°W  58°W  60°W  62°W   52°W  54°W  56°W  58°W  60°W  62°W   52°W  54°W  56°W  58°W  60°W 
opposed to the most energetic ones (e.g., EOF). In other words, the SVD method extracts the modes with maximum covariance unlike the EOF method, which extracts the modes with maximum variance. For the same reasons given above for the EOF analysis we only included surface velocity at locations with depths shallower than 100 m. However, for the wind stress, field we used data from the entire domain since winds outside the shelf have the potential to impact its surface currents. The time series for the first and second SVD mode of both variables that are shown in Figure 7bc , explain 74% and 12% of the total covariance and have correlation coefficients of 0.64 (first mode, Figure 7b ) and 0.78 (second mode, Figure 7c ), respectively. All six time series shown in Figure 7abc exhibit climatic shifts at about the same time as those discussed in Figure 5 for the model and observed SSTs, i.e., 1997 and 2002. We defer discussion of this important topic for the last section of the paper. The spatial structure of these modes is seen in Figure 8cdef . In first place we note that the singular vectors of the first two SVD modes of the wind stress and surface velocity fields (Figure 8cd ) are strikingly similar, although not identical, to the eigenvectors of the first two EOF modes of the wind stress (mode 1 is shown in Figure 8a , mode 2 is not shown). and surface velocity fields, respectively. The comparison of Figure 8a and Figure 8c shows this correspondence between the SVD and EOF first wind stress modes. Thus, both first two wind stress SVD modes are not only the most coherent ones with the local currents (Figure 8d ) but they are also the most energetic ones. This first mode currents are dominant in the alongshore direction and flow in a sense that would be in line with the mass distribution, i.e., geostrophic, generated by the wind pattern of Figure 8c . In terms of variance, the first two EOF modes (not shown) of the surface velocities (wind stress) explain 66% and 15% (58% and 26%). We interpret the first mode of the surface currents (Figure 8d ) as the dominant alongshelf interannual variability of the seasonal fluctuations of Ekman currents (they are about 35 degrees to the left of the mode 1 wind stress vectors (Figure 8c) ). Maximum variability in the mode 1 currents is observed at and near the mouth of the Plata river, which discharge follows this NE-SW seasonal pattern. The second mode of the currents (Figure 8f ) is at about 55 degrees to the left of the mode 2 wind stress vectors (Figure 8e) , and 45 degrees further offshore, and captures the acrossisobath variability over the shelf. It is worth highlighting that by combining both modes of the currents, one can approximately obtain a pattern similar to the one shown in Figure 2a .
To quantify the importance (if any) of the boundary forcing on the shelf currents, we computed the surface transport at two zonal transects at the northern and southern boundaries of the model domain, and over the shelf between the 30 m and 100 m isobaths (Figure 9 ) where, as an exception, we do not low-pass filter the time series to highlight the idea of mass conservation across harmonics. Even though both of these transport time series are significantly correlated (0.58) with the first SVD of the currents (Figure 7b ), a two-input regression analysis (not shown), using the first SVD wind stress time series of Figure 7b and the southern boundary time series of Figure 9 as predictors, did not significantly improve the predictive skill of a one-input regression analysis only using the wind stress as a predictor of the first SVD mode of the surface velocities. The correlation between both series in Figure 9b as they are taken at two locations separated by about 600 km, although the southern boundary transport has a low frequency signal with larger amplitude than the northern one (and gives also a sense of alongshelf mass conservation). Although basic, this comparison is important as it both provides a validation test for our description of the shelf dynamics, and brings consistency to the big picture of the shelf circulation in this highly productive area. Using these series we estimated a shelf divergence index for the 1993-2008 timeframe (not shown). Its low frequency behavior exhibited zero crossings in line with the SAM index ( Figure 5a ) and offshore transport (Figure 7c ). We will now explore possible responses of Engraulis anchoita, (its larvae and eggs) despite of its plasticity to external conditions (Bakun and Parrish 1991, Inda-Díaz et al., 2010) , and to hydrographic and dynamic regime changes, i.e., changes in mean conditions that last for at least 3 years (same requirement used to construct the SST averages of Figure 5 ).
Physical and Biological Time Series
We have described the basic physical setting and briefly characterized key aspects of the circulation and hydrography of the northern Argentinean shelf based on the model results and observations in F Fi ig gu ur re e 7 7. . Time series from three different principal component analyses: (a) first mode of the wind stress EOF (red) and of the SST EOF (blue); the zero-lag correlation coefficient is 0.69 and belongs to the 0.63-0.74 interval with a 95% confidence, (b) first coupled SVD modes of the wind stress (red) and surface velocity (blue) fields; the zero-lag correlation coefficient is 0.67 and belongs to the 0.61-0.73 interval with a 95% confidence, and (c) second coupled SVD modes of the wind stress (red) and surface velocity (blue) fields; the zero-lag correlation coefficient is 0.72 and belongs to the 0.66-0.77 interval with a 95% confidence the context of current knowledge found in the literature. In an attempt to better understand this complex ecosystem we now compare the spatio-temporal abundance of eggs and larvae of Engraulis anchoita against physical variables obtained from both the model and CTD observations. Since the western side of the alongshelf front (Figure 4ab ) has shown (e.g., Pajaro et al., 2008 ) the largest concentration of larvae and eggs in the region, given the highly variable character of the alongshelf currents, we compare larvae abundance against surface alongshore velocities between the 20 m and 40 m isobaths, between the front and the coastline. The flow field was projected at 40°with respect F Fi ig gu ur re e 8 8. . Spatial structure functions from the EOF and SVD analyzes. (a) first wind stress EOF mode, (b) first SST EOF mode, (c) first wind stress SVD mode (d) first surface velocity SVD mode (e) second wind stress SVD mode, and (f) second surface velocity SVD mode. As noted above, oceanic variables are only analyzed on the shelf, i.e., from the coastline to the 100 isobath. Every third vector is shown for the sake of clarity in all panels to the north and averaged between those two isobaths. Figure 10 shows the results averaged for all three regions (Figure 1 ) and contrasted to the biological series (larvae abundance from October months). Despite of the lack of an event-by-event correspondence between larvae abundance and the alongshore flow, there is a one-to-one correspondence in the shifting of mean conditions for both variables (horizontal lines in Figure 10abc ) and for all three areas. This type of relationship, i.e., pelagic species shifting their abundance in response to climatic shifts, is in line with previous findings and has been reported in the literature for several anchovy stocks in the Peru, California, Japan, Chile and Benguela fisheries (Lluch-Belda et al., 1989 , Jacobson et al., 2002 Chavez et al., 2003; Baumgartner et al., 2010) and for stocks other than anchovies in the Gulf of Alaska (Auad, 2008) . This climatic correspondence is in the sense that positive anomalies of larvae abundance take place when the mean northward October currents on the shelf weaken, a finding that is also aligned with Bakun and Parrish (1991) and Inda-Díaz et al. (2010) , in that anchovies and sardines tend to avoid areas of strong currents. Comparisons between time series of hydrographic (simulated and observed) and biological variables did not show a tight relationship for the North and Central areas (not shown). This versatility with regards to hydrographic variability (or habitat conditions) has been reported not only for Engraulis anchoita (Bakun and Parrish, 1991; Sanchez, 1995; Martos et al., 2005) but also for several other Engraulis species around the world (Bakun, 1996) . Specifically, Bakun and Parrish (1991) refer to this form of adaptability as "plasticity" of all Engraulis species. By comparing the North and South areas (Figure 10a vs. 10c, respectively) , it is evident that the low frequency content of these two areas is not the same, something that was also noted from the shelf boundary transport anomalies in Figure 9b . Below we relate these aspects to the intensity of the shelf front.
At this point, it is important to revisit the first SVD mode time series of the surface velocity field introduced in Figure 7b , which we now compare (Figure 10d) to the alongshore velocity and to the across-isobath temperature gradient taken at a depth of 40 m and between the 50 m and 70 m isobaths at the location indicated in Figure 1 . This gradient is taken at 40 m since it is stronger there (e.g., Lucas et al., 2005) and as shown in their observations, this front is the extension onto the shelf and into (b)), and the across-isobath temperature gradient (dT/dx in the figure) taken between the 50 m and 70 m isobaths at 40 m (red). A positive anomaly for this gradient implies a weaker front since its mean is −0.9°C, i.e., colder offshore. The black line represents the first SVD mode of the surface velocity. The transect where the across-isobath temperature gradient is computed is shown in Figure 1 with a short red line. All anomalies are departures from the climatological annual cycle shallower waters of the seasonal thermocline, which usually intersects the seafloor at depths ranging from 30 m to 80 m, depending on the location and time of the year (Pajaro et al., 2008) . The climatological correspondence between the velocity modal time series and the alongshore velocity (Figure 10d ) simply validates our calculation, given that this is the dominant mode of variability (74%) and is also polarized in the alongshore direction (Figure 8d ). However, its correspondence with the across-isobath temperature gradient (correlation of 0.60, significant at the 95% in the 0.51-0.68 interval) is suggestive of a geostrophic mechanism in the inner shelf, which would imply that the above-mentioned relaxations of the equatorward flow west of the 40 m isobath would be linked to a weakening of the thermal front at mid-depth (assuming a weak vertical dependence of the alongshore flow which is exhibited by the model). In some years, the surface manifestation of the thermal gradient associated with this front is weaker. The vertical structure of the front is characterized by the shoaling of the seasonal thermocline and subsequent intersection with the rising bottom. Thus, the presence of the near bottom front would be more stable from year to year than its surface expression. The dynamics described here may also serve to explain biological patterns reported by Pajaro et al., (2008) who show higher concentration of eggs (Engraulis anchoita) at the shelf front and/or around it. Correlations between the surface flow and the across-isobath thermal gradient taken at other depths were smaller than the one shown in Figure 10d . However, from the biological viewpoint, positive anomalies of larvae concentration are in general associated with both, weaker equatorward flow and weaker thermal across-isobath gradients. One possible explanation is that the weaker front would be a direct consequence of the slower flow which could also contribute to an increased larvae concentration by providing a weaker barrier to be crossed from deeper waters and towards the coast (as in Inda-Díaz et al., 2010). Another candidate explanation for this apparent physical-biological connection is that the weaker front is the result of enhanced vertical mixing which would bring nutrient-rich waters from the nearby bottom and yield a higher habitat quality (Mann and Lazier, 1996) .
The Southern Retention Area
The South area (Figure 1) , locally known as "El Rincon" is bounded offshore by an inflow of shelf waters through the 41°S latitude and towards the NE. These relatively cold and fresh waters are typically located offshore of the 45 m isobath, and together with the particular shape of the coastline create a particular habitat of unique characteristics. In first place, a relatively quiescent area (Figure 2ab ) is formed to the NW of these northward-flowing shelf waters, thus inducing a large horizontal velocity gradient. This area is also very shallow (depth < 45 m) and receives the discharge of the Colorado River (Figure 1) , which contributes to the formation of an observed well mixed, topto-bottom salinity front (Figure 4cd ) and high salinity waters from the south. Unlike the other two areas shown in Figure 1 , the South area possesses the main features needed to yield a favorable habitat quality for Engraulis anchoita in terms of spawning and feeding: a retention area, the presence of a near coastal front, and food availability, as listed by Bakun (1996) .
Since this a well-known spawning area (Pajaro et al., 2008) , we focus here on egg distribution. Figure 11ab displays egg abundance versus observed and modeled SST and SSS (CTD) for the South area. An anti-correlation with egg abundance is seen for both variables in the sense that positive anomalies of egg abundance are associated with cold SST and fresh SSS anomalies. These hydrographic conditions are typical when there is a larger contribution or expansion of estuarine waters or above-average shelf water inflows, i.e., shelf waters flowing to the NE. In the bottom panels, Figure 11cd , we compare egg abundance to different aspects of the horizontal and vertical velocities. Figure 11c shows a correspondence between egg abundance and vertical velocity. This correspondence is highlighted in Figure 11c through the display of multi-year averages for egg abundance and vertical velocity. The vertical velocity was estimated at 5 meters depth from the model and was averaged inside the quiescent area and inshore of the 40 m isobath. These partial averages shift in time in a step-like fashion signaling a change in mean conditions that seem to impact the entire shelf in 1997 and 2002, i.e., as in Figure 5abc (SSTs) and Figure 10d (velocity, modal velocity and temperature gradient). There is also an apparent shift in 2006, which emerges more clearly in the vertical velocity and first SVD mode of the surface velocity field. It would not clearly manifest itself in hydrographic time series. Thus
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Climate Variability of the Northern Argentinean Shelf Circulation: Impact on Engraulis Anchoita the flow gradient established by the northeastward shelf flow and the less energetic flow on its inshore side would induce an upwelling-favoring curl that could also contribute to uplift nutrients. As a first attempt to better understand the dynamics of this area, we have computed a recirculation index ( Figure  11d ) only using meridional surface velocity data. It is defined as (v e − v w )/2 where v e and v w are the meridional surface flows taken at the eastern and western crosses shown in Figure 1 for the South area, respectively. Figure 11d also shows the time series of the first surface velocity SVD mode along with egg abundance anomalies, which highlights once more the synchronicity of all three variables when shifting from one state to another. Again 1997 Again and 2002 Again (and perhaps 2006 while visual inspection of numerous surface flow maps always showed a larger absolute value of v e than v w . An actual recirculation, i.e., positive v e and negative v w takes place preferably in winter (in line with Palma et al., 2008) when there is a strengthening in the northward transport of shelf waters towards the NE. We tested the sensitivity of this calculation by computing the recirculation index using points 5 and 10 km (1 and 2 grid points) away from those shown in Figure 1 . A robust picture emerged since the low frequency content of the time series did not significantly change. This was to some extent expected since the dominant low frequency signal must have an associated large spatial scale.
Summary and Discussions
We have described the basic shelf circulation characteristics and its variability off the northern Argentinean and Uruguayan coasts by using a state-of-the-art high-resolution regional model. Based on historical descriptions, the present numerical results were validated and used to infer a few new aspects of the wind forced circulation and to infer possible links between physical and biological variability, specifically of Engraulis anchoita. However, these potentially new aspects and all modeling aspects discussed below, remain to be observed from direct measurements.
As found by previous authors, the Plata River plays a key seasonal role in defining the hydrographic conditions in and around its mouth. The model was able to decently reproduce this seasonal cycle while also showing a realistic mid-shelf geostrophic recirculation during the summer months (most commonly during January-March), when instantaneous currents flow approximately parallel to the shelf front that typically manifests itself at the surface and approximately over the 50 m isobath. Also reproduced by the model were fronts along the slope, and at the mouths of the Colorado and Plata Rivers, the former being an estuarine front. The ROMS model also properly simulated observed inner shelf features such as the recirculation in the South area, and wave-like structures along the shelf front as seen from altimetry data and models by other authors. Somewhat deeper, in the mid-shelf area, the model also reproduced the shelf front structure at mid-depth and near the bottom. Over the outer continental shelf and slope areas, the model simulated subsurface upwelling cells likely induced by the dynamics of the Malvinas current, a mechanism described earlier by other authors. The most energetic SST mode of variability reproduced by the model is also in line with previous findings. It is winddriven and located approximately along the 80 m isobath on the outer shelf.
The overall role of the local wind forcing on the local circulation is dominant and we have separated this dominance into two modes with two distinctive impacts on the shelf's surface circulation. This analysis was carried out after eliminating annual and superannual variability for all analyzed variables. The first mode, which explained about 70% of the shelf surface velocity variance, is polarized in the alongshelf direction and would represent the direct oceanic response (via alongshore Ekman currents) to the most energetic wind stress seasonal pattern. It captures the well-known NE-SW fluctuations of the coastal waters at and near the Plata river mouth. The second most important contribution, explaining about 15% of the total surface velocity variance, is linked to a wind pattern with an dominant acrosshelf component and likely represents fluctuations of the direct oceanic response via surface Ekman currents. From comparison with Figure 2 , it would be reasonable to expect this mode to be more energetic during the summertime and possibly spring than in winter or fall. The potential importance of this mode should not be underestimated and it is certainly responsible for the exchange of hydrographic, biological and chemical properties in the upper layer of the ocean at the important shelf-slope boundary. During summer, accelerations (decelerations) of the prevailing winds will decelerate (accelerate) surface alongshore shelf currents, while SST variability on the outer shelf increases due to Ekman transport. Concomitantly, this would be accompanied by changes in the strength of the alongshore front, especially its stronger manifestation near the bottom, which has the potential to alter the habitat quality for anchovies due to changes in nutrient concentration. This interplay among physical and biological variables is non-linear since Engraulis anchoita and its prey do not necessarily, and most typically, respond to regimes shifts with the same spatial reorganization. Certainly a study along these lines would yield important information but more biological sampling is needed.
Another new aspect emerging from this study is the identification of at least two apparent climate (for the 1993-2008 timeframe) shifts in several variables. The first shift, the most identifiable and
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Climate Variability of the Northern Argentinean Shelf Circulation: Impact on Engraulis Anchoita clearly seen of the two, takes place during 1997 and can be identified in (modeled and observed) SST, wind stress, surface currents and larvae abundance. Large-scale meridional shifts in atmospheric pressure differences, represented by the SAM index, would be partly responsible for this on-the-shelf oceanic response. However, we caution about the complexity of identifying these climatic signals, especially near the coast and in the northern part of the study area, since other climatic signals, at times, could mask the SAM imprint. In this respect, Piola et al., (2005) correctly pointed out to the double impact, through both freshwater forcing and changes in the seasonal wind patterns of the El Niño signal on the shelf across from the Plata River mouth. The second shift is less clearly identifiable in terms of its onset time. Wind stress, wind-driven surface currents and SST anomalies present a regime shift in early 2002 (a cooling in terms of SST) while a third shift would be triggered in early 2006. Its presence is more clearly seen in modal currents than in hydrographic variables. The analysis of these climatological changes would require a study beyond its mere identification and with a different scope than the one presented here. Such a study would need to take into consideration the different lowfrequency variance content of different areas and the presence of several climatic signals (e.g., El Niño, the SAM) including potential oceanic responses to the Pacific Decadal Oscillation (PDO) which recently started to be investigated (Andreoli and Kayano, 2005) as an impact factor beyond the Pacific basin.
The results of this study are in line with those of Bakun and Parrish (1991) , Bakun (1996) , Martos et al., (2005) , Pajaro et al., (2008) , and Pajaro et al., (2011) , in that Engraulis anchoita adapts with flexibility to changing hydrographic conditions. Its larvae and eggs, for instance, were present with wide ranges of temperatures (higher than 12°C) and salinities (between 30 psu to 33.5 psu), and associated to frontal areas. However, we noted that these larvae seem to be somewhat sensitive to the strength of the shelf waters velocity, particularly between the 50 m isobath and the coast in the Central area used in this study. This finding would be in line with that of Inda-Díaz et al., (2010) in that negative anomalies of larvae abundance are associated with strong currents near a shelf front. The South area was different to the other two in that it showed a more clear relationship between biological variables and both hydrographic and dynamic ones. Egg abundance anomalies showed to be anti-correlated with both SST and SSS. For instance, we speculatively associated positive egg abundance anomalies to faster equatorward shelf waters, which would tend to induce both an anti-clockwise recirculation and a mild upwelling. It is the authors' opinion that the South area showed a tighter relationship between physical and biological variables (when compared to the North and Central areas) because only in this area are the three conditions specified by Bakun (1996) met, i.e., retention, concentration and enrichment. A related and complementary explanation for the observed anomalies of egg abundance in this area is the fact that anchovies will tend to avoid areas of strong currents; thus when equatorward flowing shelf waters accelerate, the anchovies will tend to avoid them by concentrating in the sheltered, quiescent and shallower locations of the South area. In summary, a conceptual picture can be constructed in which a positive SAM index would coexist with warm anomalies on the shelf along with weak northeastward shelf currents and weak or negative offshore flows. This scenario is characterized by anomalously strong winds from the first quadrant. A negative SAM index would imply the opposite situation for these variables. From the biological standpoint, and taking the second situation as a reference, an anomalously strong northeastward shelf current would lead to a) anchovies (egg data) from both, shelf waters (this paper) and those from outside the shelf region (Sanchez and Ciechomski, 1995) , seeking shelter in calmer areas (South area), especially during the spawning season, and b) larvae being transported offshore, or as in this paper, eastward of the 50 m isobath, as a result of the convergence of shelf waters. This offshore transport (maximum at the Central area), would be synchronous, at decadal frequencies, with positive anomalies of the shelf water equatorward transport and a negative SAM index (1993-2008 timeframe) . We have termed these two climatic regimes as "Flush East" and "Flood West" which summarize distinctive atmospheric, oceanic, and biological large scale states.
Based on the comparison between the current 27-year long simulation (of which we used the last 16 years) and both observations (CTD, NOAA SSTs) and historical findings, we are optimistic about expanding the present analysis into other directions. There are today numerous questions in this area regarding oceanic variability (e.g., small-scale frontal variability and general frontal dynamics), its role in influencing several biological variables (primary productivity, zooplankton abundance and upper trophic levels) and even the local fishing industry, e.g., the decrease of annual anchovy catches by small fishing vessels operating up to 30 miles away from the port of Mar del Plata (J. Hansen, personal communication, 2011) . Given that the wind stress field that forced the ROMS model does not contain small-scale features or patterns, e.g., coastal winds, it is however noteworthy that many near coastal and mesoscale features were decently reproduced, e.g., thermal and salinity shelf fronts, frontal waves, upwelling events, and the direction of discharge of the Plata River, among others. Small scale processes O(1km) would also need to be better understood, especially their impact on mixing and primary productivity. Such a study should consider the effects of small-scale bathymetric features on diffusivity. Along these lines, there are fascinating standing questions on the dynamics of the shelf thermocline and its role as a bridge between the shelf and deeper waters to the east. Other wind products would need to be tested and compared, statistically among them, and in their impact on the model's solutions. The hope is that a more realistic wind field, possibly prescribing daily forcing (as opposed to monthly) while blending coastal and near coastal observations, would lead to an even more realistic simulation of coastal upwelling events, short-lived frontal waves and other small-scale processes. These modeling efforts would need to span several decades in order to better resolve the low-frequency climate signals present in the area to which anchovies are sensitive. Spatially, future studies would need to statistically simulate observed mesoscale features which are known (Logerwell and Smith, 2001 ) to host sardine larvae traveling offshore as these features propagate westward (e.g., the California Current). Submesoscale features are also likely candidates to harbor them. To further advance the understanding of the physical and biological aspects of this area, an increased number of observations are needed, especially because the vast majority of the present knowledge of the local currents has been obtained from ocean circulation models. The hope is that this increased understanding will lead to a more efficient and responsible management of the local renewable resources.
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